The Spo0B-associated GTP-binding (Obg) proteins occupy a wide variety 31 of roles in the viability of nearly all bacteria. Its detailed roles in higher plants have not 32 yet been elucidated. A novel rice thermo-sensitive virescent mutant tsv3 was identified in 33 this study that displayed albino phenotype at 20°C before the 3-leaf stage while being 34 normal green at 32°C or even at 20°C after the 4-leaf stage. The mutant phenotype was 35 aligned with altered chlorophyll (Chl) content and chloroplast development. Map-based 36 cloning and complementation test showed that TSV3 encoded a kind of small GTP 37 binding protein. Subcellular localization revealed that TSV3 was in chloroplast. TSV3 38 transcripts were highly expressed in leaves and weak or undetectable in other tissues, 39 suggesting the tissue-specific expression. In tsv3 mutant, the transcriptional levels of 40 certain genes associated with biogenesis of chloroplast ribosomes 50S subunit were 41 severely decreased at the 3-leaf-stage under cold stress, but could be recovered to normal 42 levels at a higher temperature (32°C). The observations from this study indicated that the 43 rice nuclear-encoded TSV3 plays important roles in chloroplast development at early leaf 44 stage under cold stress. 45 46
mutations have been shown to affect ribosome assembly or maturation (Datta et al. 2004; 89 Jiang et al. 2006) . Recently, two mutations in Obg fold and OCT region impaired the 90 ability of Bacillus Obg to associate with ribosomes and to induce a general stress 91 regulation, speculating that Obg may have dual functions in ribosome biogenesis and 92 stress responses (Kuo et al. 2008) . In eukaryotic cell, certain studies showed that an 93 Arabidopsis Obg homolog, AtObgC/CPSAR1, localized both the inner envelope and the 94 stroma of chloroplasts, is essential for the formation of normal thylakoid membranes 95 (Garcia et al. 2010 ); However, others reported it may play an important role in the 96 biogenesis of chloroplast ribosomes (Bang et al. 2009 ). More recently, based on results of 97 studies on Arabidopsis AtObgC/CPSAR1 and rice OsObgC, Bang et al. (2012) reported 98 that ObgC functions primarily in plastid ribosome biogenesis during chloroplast 99 development. 100 Rice (Oryza sativa) mutants are ideal materials to explicate the function of chloroplast of the markers used for mapping were listed in Supplemental Table 1 . The genomic DNA 149 fragments of the candidate genes from the mutant and WT plants were amplified and 150 sequenced. The sequencing reaction was performed by Sinogenomax Co., Ltd. The 151 function and ORFs of the candidate genes were obtained from TIGR 152 (http://rice.plantbiology.msu.edu/cgi-bin/gbrowse/rice/). Conserved domain structures 153 were predicted through SMART (http://smart.embl-heidelberg.de/). 154 155 156 To examine the expression pattern of TSV3, the WT RNA was extracted from germinating 157 bud, plumules, roots, stems and leaves at seedling-stage, flag leaves and young panicles at 158 heading stage using an RNA Prep Pure Plant kit (Tiangen Co., Beijing, China) and was 159 reversely transcribed by ReverTra Ace (ToYoBo, Osaka, Japan) following the 160 manufacturer's instructions. RT-PCR analysis was carried out to assess TSV3 transcript 161 levels. For transcriptional analysis of TSV3 and other 23 genes associated with Chl 162 biosynthesis, chloroplast development and photosynthesis (HEMA1, CAO1, YGL1, PORA, 163 Cab1R, RbcS, RbcL, PsaA, PsbA, LhcpII, RNRS, RNRL, V2, OsRpoTp, OsPoLP1, FtsZ, 164 RpoA, RpoB, Rps7, Rps20, Rpl21, 16SrRNA and 23SrRNA) in rice, total RNA was 165 extracted from the 3 rd leaves of WT and tsv3 plants. qPCR analyses were performed using 166 a SYBR Premix Ex TaqTM kit (TaKaRa) on an ABI7500 Realtime PCR System (Applied represent the cleavage sites of KpnI and BamHI, respectively. The PCR product was 179 ligased with the pMD18-T vector (TaKaRa, Japan), and the fragment was subcloned into 180 the pCAMBIA1301 binary vector (CAMBIA; http://www.cambia.org.au) after sequence 181 verification. The resultant pCAMBIA1301-TSV3 plasmid and the empty vector as control 182 were transferred into Agrobacterium tumefaciens EHA105 and were introduced into the 183 tsv3 mutant via agrobacterium-mediated transformation (Hiei et al. 1994) . The genotype of BglII); 5'-GGGGTACCCCACCAACGTCTGCAACCAC-3' (restriction site of KpnI) 196 and was introduced into vector pMON530-GFP. 
RT-PCR and realtime PCR (qPCR) analysis

RESULTS
213
Phenotype characterization of the tsv3 mutant 214 The leaves of tsv3 mutant only appeared albino phenotype before the 4-leaf stage when 215 grown at 20°C ( Figure 1A ,C), gradually turned yellowish green, and finally normal green 216 after the 4-leaf stage even at 20°C or a higher temperature (32°C) ( Figure 1B ). Consistent 217 with the mutant phenotype, the Chl a, Chl b, and Car contents in tsv3 3 rd leaves were 218 drastically lower than those in WT at 20°C ( Figure 1D ); however, they were comparable 219 between WT and tsv3 plants at 32°C ( Figure 1E ). The observations showed that the tsv3 220 mutant has the thermo-sensitivity of virescent phenotype at the early seedling stage.
221
TEM analysis of chloroplasts was performed to examine if the lack of photosynthetic 222 pigments in the tsv3 mutant at low temperatures was accompanied by chloroplast 223 ultrastructural changes. As it was expected, the grana lamella stacks in WT plants were 224 dense and well-structured, regardless of lower or higher temperatures (Figure 2A Figure 1B ) had no significant differences between tsv3 and WT plants, 232 indicating that tsv3 mutation did not have obviously negative effects on growth under the 233 field condition.
235
Cloning of the TSV3 gene 236 To understand the molecular mechanism responsible for the mutant phenotype, 237 map-based cloning was used to identify the TSV3 locus. Resultantly, the F 1 plants from the cross of Pei'ai64S/tsv3 were all normal green and the F 2 population displayed a 239 segregation pattern fitted a ratio of 3 to 1 (green: albino phenotype =453:132; χ 2 =3.45; 240 P>0.05), demonstrating the albino phenotype is a recessive trait controlled by a single 241 gene (tsv3). Initially, tsv3 was mapped between the markers P1 and RM570 on 242 chromosome 3 using 214 mutant individuals ( Figure 3A ). Ultimately, tsv3 was narrowed 243 to a 36kb interval between markers P2 and P5 on BAC clone AP104321 and no 244 recombinant was found near the marker P3 and P4 ( Figure 3A Sorghum bicolor ( Figure 4A ). Notably, it was found the existence of three rice homologus 273 Obg genes, TSV3, formerly termed as OsObgC2 ( Figure 3 ). In addition, the expression level of TSV3 basically increased 299 along with the leaf development from plumule to the 5th leaves ( Figure 6B ). It was noted 300 that the TSV3 transcript accumulation in the seedling-leaves was much more than that in 301 the flag-leaves ( Figure 6A ).The results showed that TSV3 might play an important role in 302 leaf chloroplast development, especially for seedling stage. 1993) were greatly suppressed in the mutant at 20°C ( Figure 7B ). However, at 32°C, 317 nearly all of transcriptional levels of the affected genes abovementioned were recovered 318 to WT levels or slightly higher levels ( Figure 8A, B displayed WT levels or slightly higher levels at 20°C ( Figure 7C ). Interestingly, all 331 affected genes were recovered to WT levels at 32°C ( Figure 8C ). It was possible that the 332 abnormal expression of these key genes (FtsZ, 23S rRNA and Rpl21) led to the mutant 333 phenotype under cold stress. In this study, the transcripts of Rpl21 and 23SrRNA, encoding the components of 388 chloroplast ribosomal large subunit (50S), involved in the ribosome assembly, in the tsv3 389 mutant were seriously affected under 20°C ( Figure 7C ), but those for Rps7, Rps20 and 390 16SrRNA, all encoding the components of chloroplast ribosomal small (30S) subunit, 391 seemed to be no significant change at 20°C and 32°C ( Figure 7G , Figure 8C ). 392 Additionally, the severely reduced transcription levels of PEP-dependent plastid genes 393 (RbcL, psaA, psbA) ( Figure 7B) Figure 2 ) and in sub-branch ( Figure 4B) Obviously, the loss of TSV3 function produced low-temperature virescent phenotype 443 before 4-leaf stage, indicating that TSV3 was involved in a pathway that may be only 444 required under cold stress. This was strongly supported by the highly expressed level at 445 20°C, regardless of WT or mutant ( Figure 3B ). It has been reported that cold stress RNA. Five micrograms of total RNA from wild-type and tsv3 3-leaf-stage seedlings grown at 20°C and 32 °C was extracted. RNA gel blot analysis was performed as described previously (Chi et al., 2014, published in The Plant Cell, Vol. 26: 4918-4932) .
Figure legends
In addition, the 25S rRNA stained with ethidium bromide (EtBr) is shown as a loading control.
Table legends
Supplemental Table 1 The PCR-based molecular markers designed for fine mapping . Fig S4 
